Abstract Aims/hypothesis: Early islet graft survival is crucial in determining the outcome after clinical islet transplantation. Exendin-4 has anti-apoptotic and beta cell proliferative properties, which could improve islet graft survival and function. The aim of these studies was to evaluate the effect of exendin-4 on graft function after islet transplantation. Materials and methods: Rat islets were transplanted under the kidney capsule of diabetic athymic mice. First, we performed a dose-finding study and found that 30 islets just failed to cure diabetic mice. In the following two studies, we transplanted 30 islets and treated the mice that had received these islets with exendin-4 i.p. (100 ng/mouse) once daily for 1 week. Blood glucose levels and body weights were used as evaluation criteria. In the short-term study evaluation was done at day 8. This study was followed by a long-term study that was evaluated at 4 weeks. In this study, islets were precultured with exendin-4 (0.1 nmol/l) in addition to the treatment given to mouse-recipients of transplanted islets. The cured mice underwent an intraperitoneal glucose tolerance test (IPGTT). Results: In the shortterm study, 63% of exendin-4-treated mice achieved graft function compared with 21% of untreated mice (p=0.033). In the long-term study, 88% of treated mice had functioning grafts compared with 22% of controls (p=0.015). Cured mice showed a normal response in the IPGTT, comparable to that of healthy mice. Exendin-4-treated mice gained significantly more weight than their untreated counterparts. Conclusions/interpretation: Islet preculture and a short course of therapy with exendin-4 improves metabolic control after rat islet transplantation in athymic mice. The beneficial effect lasts beyond the treatment period.
Introduction
Recent advances in clinical protocols have improved the outcome of pancreatic islet transplantation [1] . However, islet recipients typically require islet grafts derived from multiple donors to achieve insulin independence. If diabetes reversal could be achieved with a single donor, it would reduce costs and increase the availability of the islet transplantation procedure [2] . In the immediate posttransplantation period, a significant part of the graft is destroyed by the so-called instant blood-mediated inflammatory reaction [3] . The islet mass may diminish further as a result of hypoxia and hyperglycaemia. It has been shown in experimental models of syngeneic islet transplantation that nearly 60% of pancreatic islets undergo apoptosis in the early post-transplantation period. Consequently, nonalloantigen-specific inflammatory events seem to be important in early graft destruction [4] . To confer protection on islets, various agents have been proposed for the pretreatment of donors [5] , the culturing of islets [6] or the treatment of recipients [3, 7, 8] after transplantation, but the number of clinical studies to date is limited.
Glucagon-like peptide-1 (GLP-1) and its long-lasting analogue exendin-4 can significantly improve glycaemic control in patients with type 2 diabetes mellitus [9] . Exendin-4 has beneficial effects on postprandial blood glucose levels in patients with type 1 diabetes [10] . GLP-1 and exendin-4 inhibit cell apoptosis [11] and increase beta cell mass [12, 13] . A recent study has shown that, in a syngeneic mouse model, islets precultured with exendin-4 had a higher rate of reversal of hyperglycaemia than islets cultured without the drug [14] .
In our study, a suboptimal number of rat islets was transplanted into athymic mice with streptozotocin-induced diabetes. The model was designed to mimic the clinical situation of islet transplantation, where often suboptimal islet doses are transplanted and insulin therapy is given to protect the graft in the early post-transplant period. The aim of our study was to evaluate whether the actions of exendin-4 would improve the metabolic outcome after transplantation of a suboptimal mass of islets.
Materials and methods

Animal care
The local animal ethics committee approved the studies. All animals were kept according to the requirements of the Animal Welfare Act and the National Institutes of Health guidelines for the care and use of laboratory animals.
Rat islet isolation
Male Sprague-Dawley rats (Scanbur, Sollentuna, Sweden) weighing 300 g were used as islet donors. Rat pancreases were removed under inhalation anaesthesia using enflurane and animals were killed by bleeding. Islets were prepared using the intraductal collagenase digestion technique using 2 mg/ml collagenase V (Sigma-Aldrich, St Louis, MO, USA). Islets were purified by discontinuous density gradient centrifugation (Histopaque-119, Sigma-Aldrich; and Lymphoprep, Axis-Shield, Oslo, Norway) and handpicked. Isolated islets were cultured overnight in RPMI 1640 medium, pH 7.4 (Gibco BRL Life Technologies, Paisley, UK), supplemented with 10% fetal calf serum, 2 mmol/l L-glutamine, 50 U/ml penicillin and 50 mg/ml streptomycin (all from Gibco), in a humidified atmosphere of 5% CO 2 in air at 37°C. The following day, the islets were washed with Hanks' Balanced Salt Solution (Karolinska University Hospital, Stockholm, Sweden), hand-picked and transplanted to diabetic mice randomly between the study groups. Transplanted islet purity was approximately 90%.
Mouse preparation and islet transplantation
Male inbred athymic mice (nu/nu Black 6; Taconic M&B, Ry, Denmark) weighing 25 g were used as recipients. Diabetes was induced by injection of streptozotocin (Sigma-Aldrich), 250 mg/kg body weight, into the penile vein under inhalation anaesthesia using enflurane. An animal was considered diabetic if its blood glucose level exceeded 20 mmol/l (>360 mg/dl) for two or more consecutive days. Islets were then transplanted under the kidney capsule under inhalation anaesthesia.
Definition of metabolic control
On follow-up, sustained non-fasting blood glucose levels of 10 mmol/l or below were defined as cure, 11-20 mmol/l as partial function of transplanted islets and levels above 20 mmol/l as graft failure.
Determination of suboptimal islet number
A cut-off islet number that just failed to cure diabetic mice was determined by progressively decreasing the number of transplanted islets from 75 to 50 and then 30. We found that, in our model, 50 islets repeatedly cured diabetic mice while 30 islets did not ( Table 1) . Transplantation of 35-45 islets resulted in partial control of the diabetic state (data not shown).
Short-term study Animals were followed for 8 days. They were divided into five groups: (1) 30 islets with exendin-4 treatment (AnaSpec; San Jose, CA, USA); (2) 30 islets without treatment; (3) 75 islets without treatment (quality controls); (4) non-transplanted diabetic mice treated with exendin-4; and (5) non-transplanted diabetic mice without treatment. Exendin-4 was given as a single i.p. injection of 100 ng (approximately 24 pmol) per day from day 0 to day 7. Mice that were euglycaemic had grafts removed and were followed for a few more days. Once diabetic, they were killed and the pancreases were removed for histology. Long-term study The mice were observed for 4 weeks. As in the short-term study, exendin-4 was given for 8 days. Animals were divided into three groups: (1) 30 islets with temporary exendin-4 treatment; (2) 30 islets without exendin-4 treatment; and (3) 75 islets without treatment (quality controls). In group-1, exendin-4 (0.1 nmol/l) was added to the culture medium 20 h before transplantation of islets. At 4 weeks, the cured mice were subjected to an intraperitoneal glucose tolerance test (IPGTT). Two to three days later, grafts were removed to confirm the recurrence of diabetes and then the mice were killed. One mouse that remained euglycaemic after graft removal was discarded from the study. Non-cured animals were killed earlier if they became very weak during the observation period. All grafts and native pancreases were removed for histological examination.
Post-transplant management
In both studies, the non-fasting blood glucose levels and weights of the animals were measured daily during the first week before administering exendin-4 i.p. Thereafter, mice with blood glucose levels below 10 mmol/l for 2-3 consecutive days were assessed twice a week. Mice with hyperglycaemia were checked daily and given a mixture of short-and long-acting human recombinant insulin (Actrapid and Ultratard; Novo Nordisk, Bagsvaerd, Denmark) in equal proportions s.c. once a day, after the measurement of blood glucose. A total of 2 U was given for blood glucose levels of 11-20 mmol/l and 4 U for levels above 20 mmol/l. If a normalised blood glucose level was detected, the insulin treatment was omitted that day.
Intraperitoneal glucose tolerance test
Mice were fasted for at least 6 h before examination. A 20% glucose solution was given at 10 μl/g i.p. and blood glucose was measured before injection and 5, 10, 15, 20, 30, 45, 60, 90 and 120 min after injection. Healthy mice were used as normal controls and tested at the same time.
Histological studies Graft-bearing kidneys and the native pancreases were immediately fixed in 4% phosphate-buffered formalin after explantation. They were then dehydrated, embedded in paraffin and cut into 3 μm thick sections with a microtome (Rotary Microtome; Microm International, Walldorf, Germany). The sections were stained with haematoxylin and eosin. Immunohistochemical staining was also performed for detection of insulin-containing cells (guinea-pig anti-insulin antibody; Dako, Carpinteria, CA, USA). Single sections from grafts and pancreases were evaluated semiquantitatively for comparison of insulin-positive cells and islets, respectively.
Statistical methods
The proportions of cured animals in each group were compared using the two-tailed Fisher's exact test. Insulin requirement and body weight gains are presented as mean±SD and were compared using the unpaired Student's t-test. Differences were considered to be statistically significant if p<0.05.
Results
Short-term study
Results are shown in Table 2 . In the exendin-4-treated group, 63% of mice developed function of transplanted islets compared with 21% in the control group (p=0.033). In the treated group, 5/16 mice were completely cured while 5/16 had partial graft function. The mean insulin requirement was significantly lower in the exendin-4-treated mice than in the untreated mice (1.9±1.1 vs 3.2±1.0 U/day, p=0.001). During the 8 days of observation, the treated group gained significantly more weight compared with the control group (2.0±1.3 vs 1.1±0.9 g, p=0.031). Mice that did not receive any islets but were treated with exendin-4 and insulin remained diabetic. The histological examinations of pancreases from these exendin-4-treated-mice (n=5) were similar to those of diabetic untreated mice (n=4) with no insulin-positive cells, except for one stained islet in one section in the treated group. Pancreases of normal nude mice (n=3) showed more than 15 stained islets per section.
Long-term study
Results are shown in Table 3 . When evaluated at 4 weeks, 7/8 animals treated with exendin-4 had graft function compared with 2/9 in the control group (p=0.015). Blood sugar levels during the follow-up period indicated complete cure in six, partial function in one and graft failure in one of the animals in the treated group (Fig. 1) . In the control group, blood sugar levels were normalised in one and in the partial function range in one; the other seven animals remained diabetic (Fig. 1) . All cured animals showed a normal response in the IPGTT, comparable to that of normal healthy mice (Fig. 2) . The average weight gained by the exendin-4-treated mice over this 4-week period was significantly higher than in the untreated mice (4.1±1.0 vs 1.6±1.7 g, p=0.001). Histopathological examination of the grafts from cured animals showed prominent, viable, insulin-stained cells under the kidney capsule. Grafts from cured animals showed larger amounts of insulin-stained cells than grafts from non-cured animals. Typical grafts stained for insulin from cured and non-cured animals (n=3 each) are shown in Fig. 3 . The pancreas sections from all recipient mice showed no or a few weakly insulin-stained islets (data not shown).
Discussion
In the present studies, we have shown that exendin-4 treatment improves metabolic control after transplantation of a suboptimal islet number. Exendin-4 is a GLP-1 agonist that binds to and activates the GLP-1 receptor [15, 16] . Exendin-4 has a longer duration of action than GLP-1 because of resistance to degradation by the enzyme dipeptidyl peptidase IV [17] . It is known that exendin-4 causes glucose-dependent stimulation of insulin secretion, suppression of glucagon secretion, slowing of gastric emptying, inhibition of food intake, modulation of glucose trafficking in the peripheral tissues and enhancement of beta cell mass [9] . In our short-term study, exendin-4-treated islet recipients had significantly better metabolic control compared with the control group. The long-term study showed that this benefit lasted beyond the exendin-4 treatment period. This suggests that the effect of exendin-4 could be attributed to its actions on the graft itself, rather than its peripheral actions. This was also indicated in the histological examination where a larger amount of insulinpositive cells was observed in the exendin-4-treated group. The cured mice in our study exhibited normal responses to IPGTT, suggesting that, once the suboptimal islet mass survives the initial setbacks, it attains a stable physiological function comparable to that found in non-diabetic mice. Although exendin-4 is known to have anorectic actions, the treated mice followed normal weight curves after transplantation and had significantly higher weight gain compared with non-treated diabetic mice.
The exendin-4 treatment may increase the risk of return of native pancreas function in animals with chemically induced diabetes. It was shown previously that when exendin-4 was administered together with low-dose streptozotocin in newborn rats, beta cell mass had increased at day 7 and persisted at 2 months of age [18] . This was attributed to both enhanced beta cell proliferation and an increased number of small budding islets in the pancreas. In our study, exendin-4 treatment alone did not improve the metabolic control of non-transplanted mice with streptozotocin-induced diabetes. Furthermore, the histopathological examination of the native pancreases from these mice generally did not show any insulin-stained islets at 1 week. All animals cured by islet transplantation became diabetic after graft removal, suggesting that there was no significant regeneration of the native pancreas. In addition, histological examination of the native pancreases from the long-term study showed only a few weakly stained islets compared with the high numbers of wellstained islets in the normal pancreas.
In a recently published study by King et al. on exendin-4 in islet transplantation, it was shown that cure rates improved if the islet cells were precultured with exendin-4 [14] . However, fresh untreated islets were even more efficient. In that syngeneic mouse model, transplantation of 150 islets resulted in a mean time to cure of 31 days with fresh islets, 58 days with exendin-4-precultured islets and 81 days using islets cultured without exendin-4. Exendin-4 treatment of the recipients did not improve the outcomes further. We analysed the effect of exendin-4 in a somewhat different setting. In our short-term study, recipient treatment with exendin-4 improved metabolic control of the animals. If we compare the cure rates after 1 week in our short-term study (recipient treatment only) and long-term study (preculture of islets and recipient treatment), the results suggest that a combination of preculture and recipient treatment is more effective than treatment of recipients alone. However, the study protocol was not designed to evaluate the effect of preculture alone. Furthermore, our study is not directly comparable with the study by King et al.; for instance, we used different animal models and different culture conditions. In our study, islets were cultured for 20 h in a medium containing 0.1 nmol/l exendin-4, whereas in the previous study islets were cultured for 72 h at a concentration of 1.0 nmol/l. Time to cure also differed significantly between the two studies. We transplanted only 30 rat islets to the mice, and even so the time to cure was shorter. However, rat islets are larger than mice islets [19] and the viability may have been better because of our shorter culture time. Longer culture has been shown to increase islet hypoxia and central necrosis of islets [20] , and may also affect the viability of the intra-islet endothelial cells, which are important for the revascularisation of grafts [21] . In spite of some differences in results, both studies support the idea that exendin-4 has beneficial effects on islet transplant outcome. Exendin-4 may have various effects during different steps of engraftment, and therefore optimal dosing and timing of exendin-4 treatment require further evaluation.
In our study, rat islets were transplanted to athymic mice. We chose this model since we wanted to study early graft damage in the absence of a rejection response. It is known that factors like hypoxia, non-specific inflammation and hyperglycaemia can contribute to early graft damage. During the isolation, culture and transplantation procedures, islets are exposed to cytokines from cells of both donor and recipient origin. The resident macrophages, tissue-infiltrating leucocytes, the islets themselves and damaged recipient tissues are sources of inflammatory mediators, which could trigger islet apoptosis and result in early graft losses [4] . The athymic mouse is unable to reject allo-and xenogeneic islet grafts; however, the strain still retains the ability to mediate a strong non-specific inflammatory response [22] [23] [24] . To our knowledge, there are no species-specific differences described concerning the effects of exendin-4. Taken together, we believe that the results from our model can contribute to knowledge of the effects of exendin-4 during early islet engraftment.
As discussed above, various inflammatory factors, such as IL-1, TNF-α and IFN-γ, produced during islet isolation, culture and surgical procedures, may cause islet loss by induction of apoptosis. Exendin-4 has been shown to protect beta cells from apoptosis induced by these cytokines in vitro [25] . A recent in vitro study on cultured human islets showed that GLP-1 inhibited apoptosis during the 5 days of observation [26] . Another in vitro study showed that pretreatment of mouse insulinoma cells with GLP-1 prevented apoptosis, whereas the drug was unable to rescue already apoptotic cells [27] . The authors therefore concluded that GLP-1 acts through the induction of cellular anti-apoptotic proteins by increasing their expression or activity. This finding suggests that early graft treatment is crucial in preventing apoptosis after islet transplantation. Other studies have shown that GLP-1 receptor signalling is coupled to the formation of new beta cells through enhanced proliferation of existing beta cells [28] and the induction of islet neogenesis [12] . These regenerative and anti-apoptotic properties of exendin-4 could explain the results of our long-term study, in which the improved metabolic control lasted after the exendin-4 treatment period.
Other drugs have also been studied for protection of islets. It has been shown that nicotinamide added to the culture medium reduces the expression of islet tissue factor and monocyte chemotactic factor, thereby decreasing the islet damage caused by the instant blood-mediated inflammatory reaction [29] . When lisofylline is added to the culture medium of human islets, inflammatory damage is prevented and islet viability and function improve [6] . Exendin-4 may be an interesting clinical alternative. The pharmacodynamics and safety of exendin-4 have been tested successfully in phase 2 [30, 31] and phase 3 trials in type 2 diabetes mellitus. The compound was recently introduced in the treatment of type 2 diabetes mellitus in the USA.
Our observations indicate that islet preculture and recipient treatment with exendin-4 has beneficial longterm effects on metabolic control after transplantation of a suboptimal number of islets. Further studies are needed to fully elucidate the mechanisms of exendin-4 that predominate in the islet transplantation setting. It would also be of clinical relevance to analyse the effects of exendin-4 administration when allogeneic islets are transplanted into the portal vein.
